in Hindlimb Muscles
To determine whether the process of synapse formation between MNs and skeletal muscle fibers differs among of rapsyn in FaSyn and DeSyn muscles mirrored that of AChRs ( Figures 1B-1E ). We therefore undertook a different muscles, we analyzed a large number of hindlimb muscles in mouse embryos. AChR clustering, a systematic study, spanning the period from embryonic day (E)13.5, when motor axons in the mouse embryo cardinal sign of postsynaptic differentiation, was detected with the specific ligand ␣-bungarotoxin (BTX). start to invade individual cleaved muscle masses (Jones, 1979) , to birth, by which time neuromuscular Initially, we noted that some muscles had bright, compact clusters of AChRs with little diffuse AChR signal, junctions (NMJs) have matured considerably (Sanes and Lichtman, 1999) . Muscles were double-labeled with BTX whereas other muscles in the same limb showed more weakly labeled, less-compacted clusters, with appreciaand either antibody to GAP-43 (to label axons) or antibody to the S-100 protein (to label SCs). ble diffuse AChR labeling ( Figure 1A) . Surprisingly, most muscles exhibited one of these two patterns that we birth, AChR clusters on the adductor remained compact DC1). To quantitate the differences between the adductor and gracilis, we compiled three "synapsing indices" and became more intensely labeled, whereas AChR clusters on the gracilis remained poorly compacted befor individual muscles. The compactness of AChR clusters, the alignment of presynaptic nerves with AChR tween E14.5 and E16.5 (Figure 2) . From E14.5, presynaptic nerves in FaSyn muscles were unbranched and conclusters, and the alignment of SCs with AChR clusters were each scored on a scale of one (low) to five (high). fined to the AChR cluster region, and S-100 ϩ SCs exhibited a compact configuration in close association Results are displayed in Figure 2M . In both muscles, focal clustering of AChRs preceded alignment of the with regions of AChR clusters (Figure 2 ). In contrast, between E14.5 and E16.5, terminal nerves in DeSyn nerve with the cluster, and alignment of the nerve preceded that of the SC. However, the rate at which these muscles were branched and not aligned with AChR clusters ( Figures 2D, 2F , and 2M), and SC cell bodies were events occurred differed markedly between the muscles: the alignment process was substantially faster in not positioned over AChR clusters ( Figures 2J, 2L , and 2M). From birth and up to adult, all muscles possessed adductor (1 day, from E13.75 to E15) than in gracilis (3 days, from E16.5 to birth) ( Figure 2M ). NMJs of comparable appearance ( Figures 2G, 2H , and 2M).
The distinct patterns of synaptogenesis in the adduc-
Classification of Muscles as FaSyn or DeSyn
To ask how many patterns of synaptogenesis we could tor and gracilis were highly reproducible between different mouse embryos (see supplemental figure S1 online discern in the hindlimb, we applied the synapsing indices described above to a set of 37 muscles in hindlimbs at http://www. LGC), and one IntSyn muscle (MGC The availablility of data from a large set of muscles was reduced in all hindlimb muscles in the absence of motor axons, but pronounced differences in the intensity provided an opportunity to test whether FaSyn-and DeSyn-type synaptogenesis may be related to rates of and patterning of these aneural clusters were still detected in different muscles. FaSyn muscles accumumuscle maturation, physiological subtypes, or relative position in the embryo (Figure 3) . First, we compared lated compact focal clusters, with low levels of AChR labeling along the rest of the muscle fiber surface (Figure muscles of comparable fiber-type composition within the hindlimb. Two muscles with predominantly fast-4J; see also Figure 2A ), whereas DeSyn muscles exhibited weakly labeled and less-compacted clusters and a fatiguable motor units, the lateral gastrocnemius (LGC) and the rectus femoris, exhibited different innervation substantial level of extra-cluster AChR labeling ( Figure  4K ). These muscle-specific differences in AChR clusterpatterns. The rectus femoris is a FaSyn muscle (the synapsing index at E16.5 is 13.8), whereas the LGC is ing in the absence of nerve corresponded consistently to FaSyn and DeSyn patterns during muscle innervation a DeSyn muscle (the synapsing index at E16.5 is 3.5) (Figure 3 ). In addition, within any individual mixed-type in wild-type mice ( Figures 4H and 4I) , suggesting that the distinct temporal patterns of neuromuscular synapmuscle, FaSyn-and DeSyn-type innervation patterns were comparable among muscle fibers, further arguing togenesis reflect properties intrinsic to individual developing muscles. against the possibility that these differences reflect the formation of functional subtypes of motor units. Second, no correlation was found between the proximodistal lo- ters, a marked decrease in AChR cluster labeling sugmore sensitive to the absence of agrin than in FaSyn muscles and that each type of AChR cluster maintains gested that AChR loss and retraction of the presynaptic nerve and tSC after E15.5 are coincident.
Differing Sensitivities of FaSyn and DeSyn
its own muscle type-specific properties during disassembly. In addition, when compared to embryos without Nevertheless, AChR labeling patterns in FaSyn muscle fibers that lost AChR clusters in the absence of agrin MNs, where all fibers of a given muscle exhibited comparable AChR labeling patterns, more heterogeneity in did not resemble those in DeSyn muscle fibers of wildtype mice. Specific differences included the maintenance focal AChR clustering was evident in the presence of nerve and in the absence of agrin ( Figure 5F ). Therefore, of compact, although less intensely labeled, clusters and the absence of ectopic AChR labeling throughout motor nerves initially promoted cluster accumulation in the absence of agrin in FaSyn muscles, but a few the dispersal process. Analysis of DeSyn muscles of agrin Ϫ/Ϫ and z-agrin Ϫ/Ϫ mice revealed a very different days later, they also induced cluster dispersal in these muscles. pattern. In the absence of z-agrin, AChR clusters were undetectable at many muscle fibers of DeSyn-muscles by E14.5 ( Figure 5J muscles, we attempted to destabilize synapses by peared in DeSyn muscles (data not shown). Ectopic clusters were absent in FaSyn muscles. To verify that blocking nerve-evoked activity. We carried out activity blockade experiments in 3-week-old and older mice by the absence of nerve-evoked activity has distinct effects on AChR clusters in FaSyn and DeSyn muscles, we also treating muscles with Botulinum toxin A (BotA), a toxin that blocks calcium-dependent transmitter release.
analyzed AChR clusters in denervated muscles. Like chronic paralysis, denervation produced a disassembly Such treatments induce ultraterminal nerve sprouting in selected muscles (Frey et al., 2000) .
of AChR clusters on DeSyn muscles, whereas those on FaSyn muscles resisted disassembly ( Figures 6E, 6F , A single application of BotA to the triceps surae muscle produced a pronounced blockade of neuromuscular and 6G). Chronic paralysis or denervation induced a complete loss of focal AChR clusters in DeSyn muscles transmission in hindlimb calf muscles, with the absence of stimulus-induced endplate potentials and greatly rein mice of up to ‫3-2ف‬ months of age. In older mice, this sensitivity to the absence of nerve-evoked activity duced frequencies (Ͼ90%) of spontaneous transmitter release that persisted for at least 2 weeks (data not decreased, and no disassembly was detected in mice 6 months and older ( Figures 6G and 6P) . Therefore, shown). Under these experimental conditions, AChR labeling patterns between 5 and 30 days after application marked differences between NMJs of FaSyn and DeSyn muscles persist in young adult mice, where they can be of the toxin were not substantially different from untreated controls ( Figure 6G ). In contrast, repeated applirevealed as differences in sensitivity to chronic transmitter release blockade or denervation. This sensitivity is cations of toxin over a period of 2 weeks led, in selected muscles, to a pronounced loss of postsynaptic AChRs gradually lost between 3 and 6 months of age, suggesting that the consolidation of NMJs in DeSyn mus- (Figures 6D and 6G) . 1 month after the onset of paralysis, postsynaptic disassembly was nearly complete at Decles is a protracted process, extending from embryonic development into maturity. Syn muscles (Figures 6D and 6G ) and absent at FaSyn muscles ( Figures 6C and 6G) . Concomitant with the disTo determine how chronic blockade of neuromuscular transmission affects the presynaptic components, we assembly of the original postsynaptic AChR cluster, numerous ectopic nerve-associated AChR clusters apanalyzed neuromuscular innervation in chronically para- lyzed adult muscle using a combined silver esterase old mice (Figures 6M and 6P ). Starting about 2 weeks after the beginning of the treatment, numerous collaterreaction. This histological method visualizes intramuscular nerves in black and the reaction product of acetylals grew longitudinally along the paralyzed muscle fibers, extending for up to 0.5 mm on each side of the choline esterase at the synapse in blue. Repeated applications of BotA to hindlimb muscles over a 2 week original synaptic site ( Figures 6K and 6N) . The longitudinal sprouts extended short transversal side branches period led to a dramatic collateral sprouting reaction in DeSyn muscles, e.g., LGC and vastus lateralis in that formed acetylcholine esterase-rich putative ectopic synaptic structures (data not shown). In marked con-1-month-old mice (Figures 6K and 6O ), but not 1-year-trast, the rectus femoris and tibialis anterior, two FaSyn muscles, did not exhibit this sprouting response ( Figures  6J and 6O) . Analysis of collateral sprouting and AChR cluster disassembly in the same muscles revealed that the two processes were closely correlated in their timing ( Figure 6N ), muscle specificity ( Figure 6O ), and age dependence ( Figure 6P ). The time course of AChR cluster disassembly in chronically paralyzed and denervated DeSyn muscles was comparable (data not shown), suggesting that as in the embryo, the status of focal clustering of AChRs influences the maintenance of the presynaptic nerve at the NMJ.
Roles of Agrin in Stabilizing Adult Synapses
To investigate further the similarities between the factors that affect synapse formation during development and those that promote synapse maintenance in the adult, we explored the role of agrin in young adult mice. To investigate the possible relationship between agrinmediated synapse maintenance and inactivity-mediated destabilization, we carried out chronic paralysis experiments with BotA in mice that express higher or lower than normal levels of agrin.
The expression of agrin in neurons, including spinal MNs, is substantially lower after birth than in early development (Cohen et al., 1997). To generate adult mice expressing high levels of agrin, we produced Thy1-agrin transgenics ( Figure 7A ) that overexpress chick z-agrin specifically and constitutively in adult neurons, including spinal MNs (Figures 7A-7D ; Caroni, 1997). Two independent transgenic lines were used for this study, with comparable results ( Figure 7D) . In both lines, robust expression of the transgene started about 1 week after birth, and many neurons, including spinal MNs (Figure 7B) , expressed transgenic agrin. When mouse and chick agrin cDNA probes were used to compare in situ hybridization signals in spinal MNs in the adult, transgene signals were more than 10-fold higher than those for endogenous agrin (data not shown).
Overexpression of z-agrin in Thy1-agrin mice pro- 
muscles.

Discussion
rate of synapse assembly appear to reflect muscle-intrinsic, nerve-independent programs of focal AChR clustering. FaSyn and DeSyn muscles differ in the extent to In this study, we provide evidence that skeletal muscles can be subdivided into two previously unrecognized which they depend on agrin. In a DeSyn muscle (such as the diaphragm), focal AChR clustering and maintenance subtypes, designated FaSyn and DeSyn muscles. These muscles differ in the rate of neuromuscular synaptogendepends critically on nerve-derived factors, whereas this dependence is much more limited in FaSyn muscles. esis during embryonic development and in the maintenance of NMJs in the adult. As soon as neuromuscular NMJs on FaSyn and DeSyn muscles continue to differ for several months after birth. Thus, after birth and up synaptogenesis begins, FaSyn and DeSyn muscles exhibit marked differences in the morphology of AChR to 3-5 months of age, AChR clusters and presynaptic nerve terminals in DeSyn muscles are selectively vulnerclusters and in the extent to which nerve terminals, SCs, and AChR clusters are associated with each other. In able to the absence of nerve-evoked activity or reduced levels of agrin. FaSyn muscles, a mature pattern is achieved within less than 1 day of development but, in DeSyn muscles, it Here, we first discuss possible mechanistic bases for differences between FaSyn and DeSyn muscles. Secrequires 4-5 days. These differences in the timing and ond, we discuss how these findings provide new insight developing embyro, we detected selective AChR loss in the presence of BotA or denervation and selective into the relative roles of muscle and nerve in neuromustSC sprouting upon denervation in DeSyn muscles in cular synaptogenesis. Third, we discuss the selective the adult. Based on these findings, we favor the idea vulnerability of synapses on DeSyn muscles in young that the intrinsic mechanisms that influence AChR clusadults and the protective roles of nerve-evoked activity tering in FaSyn and DeSyn muscles also have an impact and agrin during AChR cluster and synapse disason at least some aspects of presynaptic differentiation, sembly. maturation, and maintenance at the NMJ (Figure 9 ). aptic maturation, the differences in synaptogenesis and synapse maintenance in FaSyn and DeSyn muscles may
Whatever the sources of differences between FaSyn
